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Coupling of Surface Plasmon Polaritons and Light in Metallic Nanoslits
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We clarify the nature of coupling between surface plasmon polaritons (SPP) and transmitted light in
metallic nanoslit structures. The coupling strength is found to be the product of the geometric opening
ratio, the aperture momentum, and the Fabry-Perot factor. We determine the effective coupling, which
includes corrections due to other SPPs, and show that this effective coupling causes enhanced trans-
mission with redshifted or blueshifted transmission peaks. Without coupling, SPP is proven to suppress
transmission due to the equipartition of diffraction orders. These results show good agreement with
experiment.
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The coupling of surface plasmons with light in subwa-
velength metallic structures has received an upsurge of
interest recently as the advance of nanoscale fabrication
technology makes feasible new types of photonic device
tailoring light at the microscopic scale [1]. One outstanding
example is the extraordinary increase of transmission
through a two-dimensional array of holes in a metal film
[2]. It is widely accepted that this enhanced transmission
arises from the excitation of surface plasmon polaritons
(SPP) in resonance with the lattice structure [3]. However,
a recent numerical calculation showed that the resonant
excitation of flat surface SPP, in fact, suppresses the trans-
mission in the one-dimensional slit array [4]. Even in the
hole case, experimental results indicate dips in the trans-
mission spectrum at SPP resonances while redshifted
transmission peaks appear next to dips [5]. This apparent
discrepancy can be resolved by coupling SPP to other
diffraction orders [6,7], also known as leaky waves [8],
or by coupling SPP simply to a background radiation in
analogy with the Fano resonance [9,10]. These approaches,
however, either are phenomenological in that the coupling
is regarded as a fitting parameter to make an agreement
with experimental results or use rigorous diffraction theo-
ries that obscure the coupling by intertwining all diffrac-
tion orders. Rigorous diffraction theory also makes
underlying physics implicit and becomes quickly inacces-
sible as the system grows more complex. In view of po-
tential device applications utilizing complex nanoscale
structures, it is highly desirable to have a causal,
Feynmann-diagram-like approach to the SPP problem us-
ing building blocks. Thus the explicit characterization of
coupling between SPP and light remains an important
unsolved problem both academically and practically.

In this Letter, we clarify the nature of coupling between
SPP and the transmitted light in metallic nanoslits. We
determine the coupling strength so as to provide a quanti-
tative description of light transmission. Specifically, we
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introduce the notion of ‘‘a dressed surface plasmon polar-
iton (DSPP),’’ which is a simple, approximate description
of a leaky wave, and show that this DSPP, indeed, forms an
elementary block in the transmission problem. We show
that the coupling gives rise to a shifted resonance peak of
DSPP, next to a dip at SPP resonance, that is the enhanced
transmission. For a well separated SPP away from other
SPPs, we find the (bare) coupling constant to be the prod-
uct of geometric opening ratio, the aperture momentum,
and the Fabry-Perot (FP) factor. The bare coupling con-
stant, however, changes effectively due to the presence of
other SPPs. We determine the bare and the effective cou-
pling constants and show that DSPP on the illumination
side of metal film can be described sufficiently with the
bare coupling, whereas DSPP on the other side requires the
effective coupling obtained by including the effect of SPPs
on the illumination side. Specifically, we show that the real
part of the coupling constant can be either positive or
negative depending on the thickness of film, and this gives
rise to the redshifted or the blueshifted resonance peaks of
DSPP, respectively. All these features of coupling and
DSPP agree pretty well with experimental results.
Finally, we prove that the resonant excitation of flat surface
SPP, indeed, suppresses the transmission as well as all
other SPPs corresponding to different diffraction orders.
This is shown by demonstrating the ‘‘equipartition of
diffraction orders,’’ i.e., equal tangential electric field com-
ponents for each SPP.

Consider a periodic array of slits, with period d and slit
width a, in a metal film of thickness h deposited on a
substrate as shown in Fig. 1(a). Given an incoming wave,
the outgoing reflected and transmitted waves can be com-
puted by solving Maxwell’s equation and matching the
relevant boundary conditions [11]. Diffraction theory as-
sumes that the solution can be expanded in terms of
diffraction orders for the reflected and the transmitted light.
Using the surface impedance boundary condition for a
2-1 © 2005 The American Physical Society
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FIG. 1. (a) Schematic view of the nanoslit array on top of a
substrate. (b) SEM image of slits used in experiment.
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metallic surface and a single mode approximation inside
slits, we subsequently determine the reflection and the
transmission coefficients Rn and Tn of magnetic field
parallel to the slits through the algebraic scattering equa-
tion; �out � S�in. That is, the outgoing wave vector
�out � �fRmg; fTng�

T is found from the scattering matrix
S and the ‘‘slit adjusted’’ incoming wave vector �in given
in a block matrix by

S�1 �
Q1� ��� cot��h�JK ���sin��h���1JK
��sin��h���1JK Q3� �� cot��h�JK

� �
;

�in � fQ1�
0 ��� cot��h�JK0 ���sin��h���1JK0 g

T:

(1)

Here, Q1�
0 � fQ1�

m0g denotes a vector and Q� is a matrix
such that

Qp�
mn � i�mn

�����������������������
�pk2

0 � �
2
m

q
�
�p
d

Z d

a
e�i��m��n�xdx;

�m � k0 sin��
2�m
d

; �p � �i
�pk0������������������
�p � �M

p ;

k0 �
2�
�
;

(2)

where integersm; n � �1; . . . ;1 and p � 1; 2; 3 indicate
three regions; the substrate, the slit, and the other side (air)
with dielectric constants �1 � �, �2 � 1, and �3 � 1. �M is
the metal dielectric constant and � is the incidence angle.
JK denotes a matrix with components JiKj, and the cou-
pling vectors J and K are defined by

Jm�
1

d

Z a

0
e�i�mxU�x�dx; Km�

Z a

0
ei�mxU�x�dx: (3)

The internal mode function U�x�, determined by the sur-
face impedance boundary, is

U�x� �
�
�2

	2 �
a
2

�
1�

�2
2

	2

��
�1=2

�
�2

	
sin�	x� � cos�	x�

�
;

(4)

where 	 is the lowest eigenvalue of the characteristic

equation, tan�	a� � 2�2	=�	2 � �2
2�, and � ������������������

k2
0 � 	

2
q

. Since a�2 	 1, 	 

��������������������������
2�2=a� �

2
2

q
. Note that
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the scattering matrix in (1) takes the form of a matrix
inverse since the outgoing reflected or transmitted waves
result from an infinite sum of multiple scattering.

Having introduced a rigorous diffraction theory in a
form of scattering problem, we now make a consistent
simplification to treat a SPP coupled to light as an elemen-
tary block. To illustrate the nature of coupling, we focus on
the spectral domain where a particular SPP, e.g., the mth
order SPP in the transmission (air-metal) side, is singled
out by staying away from resonance lines of other SPPs so
as to neglect their contributions. This effectively reduces
the scattering matrix to a 2� 2 matrix,

S�1
reduced � �Q

3� �� cot��h�JK�ij; i; j � 0;

m 

Q3�
mm � Vb Vb
Vb Q3�

00 � Vb

� �
;

(5)

where Vb is the bare coupling constant,

Vb � �� cot��h�
�Z a

0
U�x�dx

�
2
�
d


 ��a=d�� cot��h�: (6)

Thus the bare coupling strength is a product of three
factors—the geometrical ratio of slit opening a=d, the
slit momentum �, and the FP factor cot���h�.

In the absence of coupling (Vb � 0), we note that SPP
arises as the eigenstate of S�1

reduced with the eigenvalue Q3�
mm

such that Tm � 1, T0 � 0. Resonance of SPP arises when
Q3�
mm � 0. One can readily show that this is equivalent to

the conventional expression for SPP resonance at the air-
metal interface; � � �AM

�m� ,

�AM
�m� �

2�d�������������������������������
4�2m2 � d2�2

3

q �
d
m

����������������
�M

1� �M

s
; (7)

where �3 is as in (2) and we have assumed that the factor
�d� a�=d 
 1. This leads us to define DSPP as an eigen-
state of S�1

reduced with Vb � 0, which turns out to be a linear
superposition of the mth order SPP and the zeroth order
homogeneous mode describing radiation. In other words,
DSPP is a simple, approximate description of a leaky wave
neglecting the coupling of SPP to all other diffraction
orders. Resonance of DSPP also occurs at vanishing eigen-
value, Q3�

mm � Vb �O�V2
b� � 0, or equivalently at � �

�AM�DSPP
�m� such that

�AM�DSPP
�m� 


2�d�������������������������������������������������
4�2m2 � d2��3 � Vb�

2
p


 �AM
�m� �

id2Vb
2�m2

����������������
1� �M
p : (8)

Similarly, the reduced scattering matrix for the SPP at the
substrate-metal side is

S�1
reduced 


Q1�
mm � �Vb �Wb

Wb Q3�
00 � Vb

� �
; (9)
2-2



PRL 95, 103902 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
2 SEPTEMBER 2005
where Vb is as given in (6) and Wb 
 �a=d���sin��h���1:
Once again, we define DSPP as the eigenstate of S�1

reduced
with the corresponding eigenvalue Q1�

mm � �Vb �O�V2
b�.

The vanishing eigenvalue again gives rise to the resonance
wavelength such that

�SM�DSPP
�m� 


2�d
���
�
p���������������������������������������������������

4�2m2 � d2��1 � �Vb�2
p


 �SM
�m� �

id2�2Vb
2�m2 ����������������

�� �M
p ; (10)

where �SM
�m� � �d=m�

������������������������������
��M=��� �M�

p
agrees with the con-

ventional resonance condition for SPP at the substrate-
metal interface.

So far, we have neglected effects of other diffraction
orders in characterizing DSPP. In fact, these effects are not
negligible when other diffraction orders are resonantly
enhanced. For instance, in defining a DSPP at the air-metal
side, we could include effectively the coupling of all
diffraction orders in the reflection side simply by eliminat-
ing Rn in the scattering equation. This retains the form of
the 2� 2 matrix S�1

reduced in (5) except that the bare coupling
Vb changes to an effective coupling

Ve � Vb �
a�2�

dsin2��h�

X
l;m

Kl�Q1� ��� cot��h�JK��1
lm Jm:

(11)

Further modification of Veff could come from the coupling
of diffraction orders in the transmission side, which can
also be obtained by eliminating the relevant Tn in the
scattering equation. Since a sizable change of Vb results
only from the diffraction orders with resonance lines close
to DSPP, we need to eliminate only a few diffraction orders
in practice to obtain the effective coupling. We find
through explicit calculation that the bare coupling is suffi-
cient to describe DSPP at the substrate-metal side while the
effective coupling in (11) is needed for DSPP at the air-
metal side. Figure 2 shows both bare and effective coupling
constants and the subsequent shifts of resonance wave-
length that are calculated along the resonance line of SPP
of order 1 at the air-metal side (AM[1]). The effective
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FIG. 2. (a) Bare (Vb) and effective (Ve) coupling constants
calculated along the resonance line of AM[1] (air-metal side SPP
of order 1). (b) Shift of resonance wavelengths of AM[1] due to
bare and effective coupling.
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coupling Veff clearly shows the impact of SM��1�, the
SPP of order �1 at the substrate-metal side, where reso-
nance lines of AM[1] and SM��1� cross about 950 nm.

In order to confirm the validity of our DSPP approach,
we have measured the angle dependent transmission spec-
trum through an array of slits in a gold film. Nanoslit arrays
are fabricated by a dry etching technique after e-beam
patterning on a 120 nm thick gold film grown on a flat
sapphire substrate. The slit width of the sample shown in
Fig. 1(b) is about 100 nm, and the period is 650 nm.
Figure 3 compares the experimentally measured transmis-
sion spectra of AM[1] and SM[1] (thick lines) with theo-
retical curves (thin lines) obtained by using DSPP. In the
AM[1] case, we have used the value of the effective
coupling constant as given in Fig. 2 and measured the
transmission at incidence angle � � �3�. Since the bare
coupling of SM[1] is enhanced by a factor �, i.e., the
dielectric constant of substrate, and coupling to other
diffraction orders turns out be relatively weak, we have
used the bare coupling �Vb in computing the DSPP spec-
trum in Fig. 3(b) where we have taken the incidence angle
� � 25�. These results show a reasonably good agreement
between theory and experiment. The location of transmis-
sion dips and peaks agree remarkably well, thereby justify-
ing predictions of our simple model using DSPP.
Importantly, we note that AM[1] and SM[1] show red-
shifted and blueshifted peaks, respectively, which
Eqs. (8) and (10) predict to be the case because the signs
of the real part of coupling are positive (redshift) and
negative (blueshift), respectively. This may be compared
to the case of two-dimensional hole array where only
redshift arises due to the evanescence of hole modes.

The effective coupling in (11) predicts strong variations
in the coupling strength and the subsequent resonance
wavelength shift whenever the SPP resonance line crosses
other resonance lines as in Fig. 2. These features can also
be found in the angle dependent transmission shown in
Fig. 4. We compared the rigorous diffraction theory result
obtained by solving the scattering equation in (1) with the
experimentally measured spectrum using a white light
source and a CCD camera. Once again, this shows a
good qualitative agreement while the absolute magnitude
differs partly due to the neglect of substrate thickness in the
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FIG. 3. Transmission spectrum of (a) SPP of order 1 at the
sapphire-metal side with � � �3� and (b) SPP of order 1 at the
air-metal side with � � 25�. Thick lines are experimental re-
sults, whereas thin lines show theoretical results using DSPP.
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FIG. 4. Angle dependent transmission spectrum. (a) Result
using rigorous diffraction theory. (b) Experimental measure-
ment. (c) Labeling of SPP resonance lines. (d) Transmission
curves at � � 25� [crosscut in (a)] showing blueshifted and
redshifted SPPs obtained by theory (thin line) and experiment
(thick line).
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theory calculation. Despite this, the redshifted vs the blue-
shifted features for AM and SM SPPs agree remarkably
well. Along the resonance line of AM[1] as depicted in
Fig. 4(c), both theory and experiment show the redshifted
AM[1] with varying magnitudes, which are in accordance
with the prediction in Fig. 2(b). The crosscut view of
transmission at incidence angle � � 25� in Fig. 4(d) dem-
onstrates explicitly the redshifted AM��1� and the blue-
shifted SM��2� and SM[1] of both theory and experiment.
All these features agree with predictions of our simplified
DSPP approach.

Finally, we focus our attention on dips in transmission
caused by SPP. We observe that the scattering equation
given in (1) can be rewritten as Q3�T � 
J and Q1�R �
�J �Q1�

0 where 
 and � are scalar functions of R and T
whose detailed forms are irrelevant. Since the off-diagonal
elements of Q matrix are small compared to the diagonal
part by a factor a=d, we may regardQ as a diagonal matrix
for narrow slits. Physically, vectors Q1�T � fQ1�

mmTmg and
Q3�R � fQ3�

mmRmg represent the tangential electric field
component of each diffraction order under the influence
of a metal surface. Thus we find that these vectors are all
proportional to the coupling vector J. Up to the leading
order in a=d, components Jm are all equal so that we have
equal tangential electric field components for all diffrac-
tion orders, namely, the equipartition of diffraction orders.
An immediate consequence of the equipartition of diffrac-
tion orders is the suppression of light transmission by SPP.
Recall that the resonance condition of SPP with the lattice
structure is Q3�

mm � 0. Since the equipartition requires that
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Q3�
11 T1 � Q3�

22 T2 �    � Q3�
mmTm, vanishing Q3�

mm with
Tm � 0 implies that Tk 
 0 for all k � m. Similarly, we
have Rk 
 0 for k � 0. In other words, a resonant excita-
tion of SPP of order m suppresses all other diffraction
orders including the zeroth order transmission. This is
the reason behind the negative role of SPP in transmission.

In this Letter, we have clarified the nature of coupling
between a surface plasmon polariton and transmitted light.
Bare and effective coupling strengths are determined and a
simple DSPP model is introduced to explain various fea-
tures of transmission spectrum such as redshifted or blue-
shifted transmission peaks, which all agree with
experiment. The appearance of the Fabry-Perot factor in
the coupling of DSPP resolves conflict concerning the two
different types of resonance, i.e., the surface plasmonic and
the Fabry-Perot type, by combing them into a single DSPP.
In view of potential applications of surface plasmonic
structures in the future, the DSPP concept could play an
important role as a basic building block for the metallic
nanostructures.
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